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Resumo 
 
 
Na área da imagiologia é frequentemente necessário decompor as imagens ou
volumes nos seus diversos componentes estruturais, isto é, há necessidade de 
"segmentar" as imagens. Existe hoje um amplo leque de técnicas de
segmentação de imagens, proporcionando níveis de desempenho e eficácia
contextualmente variáveis. O objectivo geral deste trabalho é a exploração das
potencialidades das técnicas de segmentação aplicada ao estudo da produção
da fala no Português Europeu. 
 
Através da segmentação de imagens e volumes de Ressonância Magnética
duma das principais estruturas anatómicas relacionadas com a produção da
fala, o tracto vocal, pretendeu-se alcançar o objectivo especifico de 
proporcionar novas informações de teor morfo-funcional no conhecimento dos 
mecanismos de produção do Português Europeu. 
 
A investigação encontra-se inserida num projecto mais amplo e pluridisciplinar 
denominado HERON, cujo objectivo é a criação dum programa de síntese
articulatória para o Português Europeu. 
 
Após a aquisição de imagens 2D e 3D do tracto vocal de dois falantes, foram
seleccionadas uma série de técnicas de segmentação a aplicar,
nomeadamente Region Growing, Live Wire, Level Sets, e Reaction Diffusion
Active Contours, tendo-se avaliado as vantagens e desvantagens de cada 
método consoante a natureza dos dados imagiológicos e o objectivo específico
da segmentação. 
 
O método Region Growing provou ser eficaz no caso mais simples da 
segmentação 2D mas em contextos 3D foi  necessário recorrer a métodos 
mais elaborados como os Level Sets. Foi ainda proposta uma estratégia
inovadora de segmentação semi-automática "2.5D" baseada em reformatação
multi-planar ao longo do eixo longitudinal do tracto vocal seguida da aplicação
de algoritmos Live Wire ou Level Sets. Esta metodologia provou viabilizar as 
aquisições de Ressonância Magnética puramente 3D para os estudos
imagiológicos de produção do Português Europeu. 
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abstract 
 
The main objective of the segmentation techniques is the partition of images or
volumes in its structural components. Although its use is of basic importance in 
the image processing field, the effectiveness and homogeneity of the
segmentation techniques still represent a problem in the area of applied
engineering whose mathematical solution is yet to be found.  
 
This work focuses on the segmentation of Magnetic Resonance images and
volumes of some anatomical structures related with speech production,
namely, the vocal tract. Through the segmentation we were able to gather new
morph-functional information on the European Portuguese production. 
 
This investigation is part of a broad project, named HERON, whose objective is
the development of a speech synthesizer for European Portuguese. 
 
After the comparative analysis of an extensive set of segmentation methods,
the ones that were more adequate for our application were chosen. The
implemented techniques were: Region Growing; Live Wire; Level Sets; and
Reaction Diffusion Active contours. The advantages and disadvantages of each
method were also evaluated. 
 
Region Growing proved capable of segmenting the 2D images. For 3D 
information, the use of more complex methodologies, such as Level Sets, was
necessary. A new "2.5D" segmentation strategy was also proposed, based on
multi-planar reformatting through the longitudinal axes of the vocal tract, 
followed by the application of 2D segmentation algorithms as Live Wire and
Level Sets. This methodology enabled the 3D Magnetic Resonance
acquisitions for imaging studies in the European Portuguese production. 
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G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G^G`G`G^G`G^G`G_G^G`G^G`G^G ¬H¥
8Gbk8Gb x¦\1iSf0P"NQP1Z[1\ëXY~ELMNWXSP1KEO0P"LMNW\.LWhY~#UVhP1K^R#XÝKWXYHijXY~ELQP1Z[1\Ëf0P"NQPËP1KUIiuP"7XY~TK
R#X^ê,XYiSf\ucXP"eG`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G^G`G`G^G`G^G`G_G^G`G^G`G^G ¬H¥
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FHGIF °UP"HNQP"iuPSRTPjXY¢7\1eIOTZ[1\jR#\Sf#NW\"ýMXhYLW\jþdJcfiß  G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G a
a8GIF df0P"NWXYeIŁT\\1~0P1R#\1N G`G`G^G`G^G_G`G^G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G ¬
a8Gba °UXYNWXY~TZP1KXY~ELMNWX_O#iKW\1iÜ\1NQP"e,XO#iÜ~0P1KQP"eG_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G FHF
a8Gbk x&eP1KQKMU¨0hP1Z[1\jRTP1Kfi¢7\1EP"UVKdKWXYHO#~TR#\uPÝ \1~0PSR#X_P"NMLMUVhYO#eP1Z[1\G^G_G^G`G^G`G`G^G`G^G_G`G FHF
a8G  x&eP1KQKMU¨0hP1Z[1\jRTP1Kfi¢7\1EP"UVKdKWXYHO#~TR#\j\HNQP"OÖR#X_P"gXYNMLMO#NQPËG`G`G^G_G^G`G^G`G`G^G`G^G_G`G FHF
a8Gb x&eP1KQKMU¨0hP1Z[1\jRTP1Kh\1~TKW\7P"~*LWXKdKQXYHO#~TR#\j\ij\*R#\uR#X`P"NMLMUVhYO#eP1Z[1\G`G^G`G`G^G`G^G_G`G Fa
a8Gb¥ x&eP1KQKMU¨0hP1Z[1\jRTP1Kh\1~TKW\7P"~*LWXKdKQXYHO#~TR#\j\f\1~*LW\jR#X_P"NMLMUVhYO#eP1Z[1\G`G^G`G`G^G`G^G_G`G Fa
a8GÒ| cdXYf#NWXKWXY~ELQP1Z[1\uR#\HKh\1~ELW\1NM~T\HKdRTP1KLMNWKfi¢7\1EP"UVKdhP"NWR8UI~0P"UVK G^G_G^G`G^G`G`G^G`G^G_G`G Fk
a8Gb }TO#~ThYUV\1~0P"ijXY~ELW\.RTPNWXKWKW\1~0"~ThYUPiuP"H~TYLMUVhP G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G F¥
a8Gb¬ cdXYf#NWXKWXY~ELQP1Z[1\jHNQ³9¨0hPjR#\Sh\1~ThXYUILW\uR#X^êficÞG_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G F4|
a8GIF cdXYf#NWXKWXY~ELQP1Z[1\jHNQ³9¨0hPjR#\Sh\1~ThXYUILW\uR#X^êfiJÞG_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G F
a8GIFHFÛcdXYf#NWXKWXY~ELQP1Z[1\jHNQ³9¨0hPjR#\Sh\1~ThXYUILW\uR#X^}8 G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G F
a8GIFa cdXYf#NWXKWXY~ELQP1Z[1\jHNQ³9¨0hPjR#\Sh\1~ThXYUILW\uR#X^æ ê G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G F
a8GIFk cdXYf#NWXKWXY~ELQP1Z[1\jHNQ³9¨0hPjR#\Sh\1~ThXYUILW\uR#X^ G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G F¬
a8GIFY cdXYf#NWXKWXY~ELQP1Z[1\jHNQ³9¨0hPjR#\Sh\1~ThXYUILW\uR#X^}ßzçìG^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G F¬
a8GIF cdXYf#NWXKWXY~ELQP1Z[1\jHNQ³9¨0hPjR#\Sh\1~ThXYUILW\uR#X_rêG_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G F¬
a8GIF¥ cdXYf#NWXKWXY~ELQP1Z[1\jHNQ³9¨0hPjR#\Sh\1~ThXYUILW\uR#X_ G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G F¬
a8GIF4| JKWEOTXYiuP"LMUI 4P1Z[1\±RTPªP1hZ[1\ÛR#\HK.hP"iSf\HK6iuP"H~TYLMUVh\HKëP1KWKQ\*hYUP1R#\HKÛP1*O#UVKMUVZ[1\ªR#X
UIiuP"7XY~TKf\1Ncd G`G`G^G`G^G_G`G^G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G a8F
a8GIF x¦\rR8U¨0hP1Z[1\jR#X^UIiuP"7XY~TKdR#X^c G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G aHa
a8GIF¬ ßdNMEP"~#UI 4P1Z[1\6R#\SXKMf0P1Z\	 G_G`G^G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G aHk
a8GbaH °UP"HNQP"iuPSR#X`f#O#eVKW\SR#X^O#iuPSKWX*OTY~ThYUPêrJ G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G a"
a8Gba8FÛ°UP"HNQP"iuPSR#X`f#O#eVKW\HKR#XO#iuPSKWX*OTY~ThYUPSê,NMOTX}æMr G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G aH
a8GbaHa °UP"HNQP"iuPSR#X`f#O#eVKW\HKR#XO#iuPSKWX*OTY~ThYUPSJ
å*f\1UIeVXRffa1°´­}Bµ=^rþìG`G`G^G`G^G_G`G aH¥
a8GbaHk dNMLWX®P1hYLW\HKR#XuÔ1¼ÎÂ$Ô1º¤ÂÃ*Á^k1° G_G`G^G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G a7|
k8GIF J(eIUIiSUI~0P1Z[1\uR#\jP"NX8LWXYNMUV\1N G_G`G^G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G k8F
k8Gba æ²iuP"7XYiäP"fHKfi\Sf#NW®­f#NW\rhXKWKQP"ijXY~ELW\ G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G kHa
k8Gbk }UIeILMNW\SR#X^ijXR8UP"~0PÖG`G`G^G`G^G_G`G^G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G kHa
k8G  }UIeILMNW\SR#X`°U$OTKQ[1\Sd~#UVKW\1LMN1f#UVhPËG^G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G kHk
k8Gb }UIeILMNW\SR#XÊÔ1É"¹Y¼I¹YÍº G`G^G`G^G_G`G^G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G kH
k8Gb¥ ÊÔ1É"¹Y¼I¹YÍ,þPHP"NG`G^G`G`G^G`G^G_G`G^G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G kH¥
k8GÒ| ÊÔ1É"¹Y¼I¹YÍºfi°^P"O#gXhQŁ#UVXK G^G`G^G_G`G^G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G kH¥
¢
k8Gb !XYNMUYNMUVh\HKÅG`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G^G`G`G^G`G^G`G_G^G`G^G`G^G k7|
k8Gb¬ J8XYiSf#eV\6R#X`P"f#eIUVhP1Z[1\uR#X`µ=UIiSUP"NMUI 4P1Z[1\G`G^G`G`G^G`G^G_G^G`G`G^G`G^G`G_G^G`G^G`G^G kH¬
k8GIF J8XYiSf#eV\6R#X`P"f#eIUVhP1Z[1\uRTPSµ=UIiSUP"NMUI 4P1Z[1\6P1RTP"f#LQP"LMUI¢HPG^G_G^G`G`G^G`G^G`G_G^G`G^G`G^G kH¬
k8GIFHF±ßdfXYNQP1R#\1NR#X_xzP"~#~ffG_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G^G`G`G^G`G^G`G_G^G`G^G`G^G E
k8GIFa À¹Á1Â»1Ã Äz¸M»1ÇÂ2ÃrÁG^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G^G`G`G^G`G^G`G_G^G`G^G`G^G Ea
k8GIFk Ï0ÃÔ1¹G^G`G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G^G`G`G^G`G^G`G_G^G`G^G`G^G H
k8GIFY (ýÆOTKMLWX^X`R8UI¢rUVKQ[1\SR#XO#iÜh\1~*LW\1NM~T\jUI~#UVhYUP"e!PLMNWKNWXYHUV§*XKR#X`UI~ELWXYNWXKWKWX G_G^G`G^G`G^G E¥
k8GIF rXYHijXY~ELQP1Z[1\Ëk1°òR#\ShYNWXYg#NW\6P"LMNQP¢7KdRTPO#LMUIeIUI 4P1Z[1\jR#XyÈ!¹®É"¹®¼,Ï¹YÍºG^G`G_G^G`G^G`G^G *|
k8GIF¥ J8XYiSf#eV\HKR#X$O#~TZ§*XK
φ
G_G^G`G^G`G`G^G`G^G_G^G`G`G^G`G^G`G^G_G`G^G`G^G`G`G^G_G^G`G^G *|
k8GIF4| }#O#~TZ[1\uR#X^¢7XYeV\rhYUVRTP1R#X^g0P1KWXP1RTPS~0PUI~ELWXY~TKMUVRTP1R#XyRTPÝUIiuP"7XYi G`G^G`G^G`G_G^G`G^G`G^G E¬
k8GIF æp~*LWXY~TKMUVRTP1R#XK
Ibgr
X
Iobj
G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G^G`G`G^G`G^G`G_G^G`G^G`G^G Hk
k8GIF¬ °XYLWXhZ[1\6R#X`P"NWXKMLQP1KfXYeV\ijYLW\rR#\jR#XyÀ¹MÔEÐÍ$Â$»HÃoÕ`Â ×fiØEº®Â$»1ÃG`G`G^G`G^G`G_G^G`G^G`G^G H¬
TGIF *UVXYijXY~TKdP"H~TXYLW\1iriSf#ŁT\1~ G`G^G_G^G`G^G`G`G^G`G^G_G^G`G`G^G`G^G`G_G^G`G^G`G^G |1
TGba }#NQP"ijXKfiffflffi fifffl"!#uX$"%# G^G`G`G^G_G^G`G^G`G`G^G`G^G_G^G`G`G^G`G^G`G_G^G`G^G`G^G |1
TGbk çdUVKMO0P"eIUI 4P1Z[1\6R#XLMNWKf#eP"~T\HKR8O#iÜ¢7\1eIO#ijXÓG^G`G`G^G`G^G_G^G`G`G^G`G^G`G_G^G`G^G`G^G |rF
TG  þUVKMLW\1HNQP"iuP1KdR#X_P"eIHO#iuP1KUIiuP"7XY~TKdca1° G`G`G^G`G^G_G^G`G`G^G`G^G`G_G^G`G^G`G^G |9
TGb q³1KWhP"NQPjR#X^f&HKM­f#NW\*hXKWK¤P"ijXY~ELW\ G`G^G_G^G`G^G`G`G^G`G^G_G^G`G`G^G`G^G`G_G^G`G^G`G^G |1
TGb¥ JeIUIiSUI~0P1Z[1\6RTPKQ\1g#NWX®­pKWXYHijXY~ELQP1Z[1\ G^G_G^G`G^G`G`G^G`G^G_G^G`G`G^G`G^G`G_G^G`G^G`G^G |1¥
TGÒ| xz³"eVhYO#eV\uRTPÝHNWXYeIŁ0PuP1RTP"f#LQP"LMUI¢HP G`G`G^G_G^G`G^G`G`G^G`G^G_G^G`G`G^G`G^G`G_G^G`G^G`G^G |1
TGb æpiuP"7XYiijR8UV\"­pK¤P"HUILQP"e!X^NWXKMfXhYLMUI¢HPÝHNWXYeIŁ0PjP1RTP"f#LQP"LMUI¢1P G^G`G`G^G`G^G`G_G^G`G^G`G^G |1¬
TGb¬ cX®\1NMiuP"LQP1Z§*XKdR8O#i¢7\1eIO#ijXG^G`G`G^G_G^G`G^G`G`G^G`G^G_G^G`G`G^G`G^G`G_G^G`G^G`G^G H
8GIF zLWXY~EO0P1Z[1\.R#XNMO#{VR#\ªG_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G^G`G`G^G`G^G`G_G^G`G^G`G^G "
8Gba JB$XYUILW\uRTPjP"LWXY~EO0P1Z[1\6R#X^NMO#{VR#\jXYiÜR8O0P1KfieIUI~#Ł0P1KdR#X^hP1RTPUIiuP"7XYi G^G`G_G^G`G^G`G^G "
8Gbk xz³"eVhYO#eV\uRTPÝijR8UPjR#\HKh\1~ELW\1NM~T\HKG`G^G_G^G`G^G`G`G^G`G^G_G^G`G`G^G`G^G`G_G^G`G^G`G^G 7|
8G  ffR8UPSR#XuFHh\1~ELW\1NM~T\HKd7XYNQP1R#\HKh\1iÜ\uÀ¹Á1Â$»HÃ Äz¸Æ»1ÇÂÃ*Á`a1° G^G`G^G`G_G^G`G^G`G^G H
8Gb c\1g#OTKMLWXY _R#\.À¹Á1Â»1ÃÅÄz¸Æ»HÇÂ2Ã*Á_a1°]XYiÜNWXYeP1Z[1\'f\HKMUVZ[1\SRTPSKWXYijXY~*LWXqG_G^G`G^G`G^G H
8Gb¥ J(KMLMOTR#\jeV\rhP"e=RTP1Kfi \1~0P1Kdh\1iiuP"UV\1N¢HP"NMUP"g#UIeIUVRTP1R#X_XY~ELMNWX_h\1~ELW\1NM~T\HKÑG`G_G^G`G^G`G^G H
8GÒ| ,¢HP"eIUP1Z[1\jR#\jæ  h\1ij\jhP"NQP1hYLWXYNMUI 4P1R#\1NR#\HKKW\1~TK G^G`G^G_G^G`G`G^G`G^G`G_G^G`G^G`G^G H¬
8Gb æp~#UVhYUP"eIUI 4P1Z[1\6h\1iO#if\1~ELW\S~T\UI~*LWXYNMUV\1NdR#\SLMNQP1hYLW\S¢7\rhP"e G`G`G^G`G^G`G_G^G`G^G`G^G H¬
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HKÆ­f#NW\rhXKWKQP"ijXY~*LW\G`G`G^G`G^G`G_G^G`G^G`G^G ¬8F
8GIFY rXYHijXY~ELQP1Z[1\6f\1NÀ¹MÔ7ÐÍ$Â»1ÃÖÕ^Â ×fiØ*º¤Â»1Ã G^G`G^G`G`G^G`G^G_G^G`G`G^G`G^G`G_G^G`G^G`G^G ¬Ha
8GIF rXYHijXY~ELQP1Z[1\6f\1NÀ¹MÔ7ÐÍ$Â»1ÃÖÕ^Â ×fiØ*º¤Â»1Ã6P"fHK\f&HKM­f#NW\*hXKWK¤P"ijXY~ELW\ G`G_G^G`G^G`G^G ¬Ha
8GIF¥ x¦\1iSf0P"NQP1Z[1\6XY~*LMNWXyÀ¹MÔ7ÐÍ$Â$»1ÃffÕ`Â ×fiØEº®Â$»1Ãfiff0È,¹®É"¹Y¼>Ï¹YÍºfiX_À¹Á1Â»1ÃÅÄz¸M»1ÇÂ2ÃrÁ G^G`G^G`G^G ¬Hk
8GIF4|x¦\1iSf0P"NQP1Z[1\6XY~*LMNWX`KWXYHijXY~ELQP1Z§rXKh\1iÀ¹Á1Â»1ÃÅÄz¸M»1ÇÂ2ÃrÁ^X_È,¹®É1¹®¼=Ï¹ÍºfiG_G^G`G^G`G^G ¬Hk
8GIF x¦\1iSf0P"NQP1Z[1\6R#X^KWXYHijXY~*LQP1Z§*XKXY~ELMNWXÝÈ,¹®É"¹Y¼=Ï¹YÍºzXyÀ¹MÔEÐÍ$Â$»HÃoÕ`Â ×fiØEº®Â$»1ÃG^G`G^G`G^G ¬"
8GIF¬ x¦\1iSf0P"NQP1Z[1\6R#X^KWXYHijXY~*LQP1Z§*XKXY~ELMNWXÝÀ¹MÔ7ÐÍ$Â»1ÃffÕ`Â ×fiØ*º¤Â»1ÃuX_À¹Á1Â»1ÃÅÄz¸Æ»1ÇÂÃ*ÁffG`G^G ¬H
¢*U
8GbaH rXYHijXY~*LQP1Z[1\jiuP"~*O0P"e!R#\HKfi$NQP"ijXK()fffl*ffi fifffl"!6X+"%# G`G^G_G^G`G^G`G`G^G`G^G_G`G ¬H
8Gba8F±rXYHijXY~*LQP1Z[1\jf\1NÀ¹ÁHÂ$»1ÃÅÄz¸M»1ÇÂÃ*Á`a1° P"fHKPjP"LWXY~EO0P1Z[1\6R#X^NMO#{VR#\;G`G`G^G`G^G_G`G ¬H¥
8GbaHa x¦\1iSf0P"NQP1Z[1\6XY~ELMNWX`\HK¢1³"NMUV\HKNWXKMO#eILQP1R#\HK\1g#LMUVR#\HKf0P"NQPuP1KfiUIiuP"7XY~TKXYiÜê!XYiSf\ucXP"e ¬H
8GbaHk rXYHijXY~*LQP1Z[1\^f\1N(È!¹®É"¹®¼TÏ¹YÍºP"fHK(PP"f#eIUVhP1Z[1\^R#\}UIeILMNW\^R#Xfl^P"OTKWKWUP"~0P1KBUIiuP"7XY~TK
R#X^ê!XYiSf\ucXP"eòG^G`G`G^G`G^G_G`G^G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G ¬H¬
8Gba" rXYHijXY~*LQP1Z[1\of\1N_À¹MÔ7ÐÍ$Â»1ÃÕ^Â ×fiØ*º¤Â»1ÃÖP"f&HK`PëP"f#eIUVhP1Z[1\ëR#\ë}UIeILMNW\ëR#X'^P"OTKQKMUP"~0P
1KUIiuP"7XY~TKR#X^ê,XYiSf\jcdXP"ezG_G`G^G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G ¬H¬
8GbaH rXYHijXY~*LQP1Z[1\6a 1
2
°]f\1NdÈBÂÉ"¹ffÊËÂ2¸W¹ G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G ¬H¬
8GbaH¥ df#eIUVhP1Z[1\jR#XO#iuPË¿u¹¤º¤·,KWXYHijXY~*LQP1Z[1\6a 1
2
°]f\1NdÈBÂÉ"¹ffÊËÂ2¸W¹ÖG^G`G^G`G`G^G`G^G_G`GñFH
8Gba7|rXYHijXY~*LQP1Z[1\6a 1
2
°]f\1NdÈ,¹®É1¹®¼=Ï¹Íº G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`GñFH
8GbaH df#eIUVhP1Z[1\jR#XO#iuPË¿u¹¤º¤·,KWXYHijXY~*LQP1Z[1\6a 1
2
°]f\1NdÈ,¹®É1¹®¼=Ï¹ÍºÖG^G`G^G`G`G^G`G^G_G`GñF8F
8GbaH¬ J$XYUILW\HKR#\jf&HKÆ­f#NW\rhXKWKQP"ijXY~*LW\S~0PSKWXYHijXY~*LQP1Z[1\6k1°	X®XhYLMO0P1RTPSf\1NdÈ,¹®É"¹Y¼=Ï¹YÍºªG`GñF8F
8GbkH çUVKMO0P"eIUI 4P1Z[1\jRTPKQXYHijXY~ELQP1Z[1\Ëk1° f\1NdÈ,¹YÉ"¹®¼=Ï>¹YÍº¦RTP1KfiLMNWK¢7\1EP"UVKhP"NWR8UI~0P"UVKG_G`GñFHa
8Gbk8F±x¦\1iSf0P"NQP1Z[1\SXY~*LMNWX^P1K$O#~TZ§rXK¦R#X³"NWXPÝ\1g#LMUVRTP1Kfih\1iP_KWXYHijXY~*LQP1Z[1\ja 1
2
°´Xh\1iP
KQXYHijXY~ELQP1Z[1\6k1°åG^G`G`G^G`G^G_G`G^G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`GñFHk
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a8GIF x¦\1iSf0P"NQP1Z[1\yXY~ELMNWX¢1³"NMUP1KLWhY~#UVhP1KR#XP1*O#UVKMUVZ[1\`R#XfiUI~8\1NMiuP1Z[1\_KQ\1g#NWX\LMNQP1hYLW\`¢7\rhP"eoFY
a8Gba çP"~*LQP"7XY~TKX`R#XKW¢1P"~*LQP"7XY~TKRTPO#LMUIeIUI 4P1Z[1\6RTPc G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G F4|
k8GIF cdXYHNQP1KRTPR#XhYUVKQ[1\32®Ø7¾Q¾54 G^G_G`G^G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G Ha
TGIF Ú»H¸ãØ*ºza1° G_G^G`G^G`G`G^G`G^G_G`G^G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G ¥H
TGba Ú»H¸ãØ*º¦ê!XYiSf\ucXP"e G^G`G^G_G`G^G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G ¥H
TGbk Ú»H¸ãØ*ºzk1° G_G^G`G^G`G`G^G`G^G_G`G^G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G ¥H¬
8GIF !¢HP"eIUP1Z[1\SR#\Sf#NW®­f#NW\*hXKQKQP"ijXY~ELW\uf0P"NQPjP1KfiUIiuP"7XY~TKR#X_ê,XYiSf\jcXP"eG`G`G^G`G^G_G`G H
8Gba !¢HP"eIUP1Z[1\SRTP1KLWhY~#UVhP1KR#X^KQXYHijXY~ELQP1Z[1\ÓG`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`GñFH
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F °XYLWXhYLW\1NR#XyP"NWXKMLQP1KdxzP"~#~ÑG_G`G^G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G E
a À¹Á1Â»1ÃÅÄz¸Æ»1ÇÂÃ*ÁÛG^G`G`G^G`G^G_G`G^G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G TF
k È!¹®É"¹®¼=Ï¹YÍº G_G^G`G^G`G`G^G`G^G_G`G^G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G H

checkin
G^G_G^G`G^G`G`G^G`G^G_G`G^G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G H¥

checkout
G^G_G^G`G^G`G`G^G`G^G_G`G^G`G^G`G^G`G_G^G`G^G`G^G`G`G^G_G^G`G^G`G`G^G`G^G_G`G H¥
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êx ê!\1ij\1HNQP9¨P6x¦\1iSf#O#LW\1NMUI 4P1RTP
êfiJ ê!XYiSf\jR#X^Jh\
êfic ê!XYiSf\jR#X^cdXYfXYLMUVZ[1\
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ÂÍ·.ÏÍp¹MÔE½D4,[¦¸W¹MÐQ¹®ºQº¤Â»1Ã
êrJ rX*OTY~ThYUPSê=O#NMg\6*f#UI~ÖJh\
; ° ÊÔ1É"¹®¼V¹YÍ(ÕÝ¹®Ã»1Â2º¤ÂÃ*Á
8UI¢
õ ö÷
ø 
 acbV8 . d0B
÷
(x, y)
h\r\1NWR#XY~0P1RTP1KR#X`hP1RTPSf\1~*LW\jRTPÝUIiuP"7XYiäR#X^cd
α
h\1~TKMLQP"~ELWX_NWXP"e=f\HKWUILMUI¢1P
αT
eIUIiSUP"NR#\SLWXYNMij\jR#Xf#NW\1f0P"EP1Z[1\
ν
β
h\1~TKMLQP"~ELWX_NWXP"e=f\HKWUILMUI¢1P
k
O#~TZ[1\jR#X¢7XYeV\rhYUVRTP1R#X_RTPhYO#NM¢HP"LMO#NQP

h\1~ELMNW\1ePj\UI~*LWXYNM¢1P"eV\6R#X^¢HP"eV\1NWXKfif#Ne8UIij\HKR#X
T
EOTX^R#XY¢7XYiÜKQXYN
h\1~TKMUVR#XYNQP1R#\HK~T\jUI~ELWXYNMUV\1NdRTPÝNWXYHU[1\.PKWXYHijXY~ELQP"N
γ
x¦\*X®¨0hYUVXY~*LWX_R#X_P"ij\1NMLWXhYUIijXY~*LW\
γ1 I(x + 1, y)
γ2 I(x− 1, y)
γ3 I(x, y + 1)
γ4 I(x, y − 1)
λ
h\1~TKMLQP"~ELWX_NWXP"e=f\HKWUILMUI¢1P
∇ HNQP1R8UVXY~ELWX
∇xDi h\1iSf\1~TXY~*LWX x R#\jHNQP1R8UVXY~ELWX_R#\jiuP"f0PSR#X^R8UVKMLQ"~ThYUP1K Di
∇yDi h\1iSf\1~TXY~*LWX y R#\SHNQP1R8UVXY~ELWXyR#\SiuP"f0PSR#X^R8UVKMLQ"~ThYUP1K Di
ν
LWXYNMij\jR#X^f#NW\1f0P"EP1Z[1\
Ω1
h\1~1ý O#~*LW\HKR#X^f#U6#XYUVKR#XY~*LMNW\uR#\Sh\1~ELW\1NM~T\
C
Ω2
h\1~1ý O#~*LW\HKR#X^f#U6#XYUVKz\1NQPR#\jh\1~ELW\1NM~T\
C
φ
O#~TZ[1\jR#XO#iuPjR8UIijXY~TKQ[1\jKMO#fXYNMUV\1NURTPShYO#NM¢HPjxò¡È,¹YÉ"¹®¼=Ï>¹YÍ£
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I(x, y) = mediana(I(x− k, y − l)) ¡k8Gba7£
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}UIHO#NQP_k8Gbk~BJ#XYiSf#eIU¨0hP1Z[1\R#\^¨TeILMNW\_R#XijXR8UP"~0P~fi¡P7£BUIiuP"7XYi \1NMUIHUI~0P"eff¡g£BUIiuP"7XYiåf#NW\rhXKWKQP1RTP
h\1iO#i ¨TeILMNW\6R#XijXR8UP"~0P
3× 3 G(fiRTP"f#LQP1R#\uR#Xj¡$ffO#NQP1KWX`XYLP"eGffaHH8F4£®G
kHa
fi)2 "/Ëon²ffi!D#/-
A
/0 3Ìs
î

ß }!UIeILMNW\_R#X°UOTKQ[1\^d~#UVKW\1LMN1f#UVhP^hP"NQP1hYLWXYNMUI 4P9­pKQXf\1NNWXR8O# UIN\^NMO#{VR#\`KWXYi XKWg\1NMNQP"LQP"N\HKR#XYLQP"eIŁTXK
ij\1NÆ$\1e 1HUVh\HKGJKMLWXfi¨TeILMNW\_~0[1\^eIUI~TXP"N(\1UTUI~TKMf#UINQP1R#\y~0P^R8U$OTKQ[1\_P"~#UVKW\1LMN1f#UVhPyR#\_hP"eV\1NX$\1UR#XKWhYNMUILW\
fXYePÝf#NMUIijXYUINQPj¢7XY `f\1NXYNW\1~0PjX^P"eIU¹;¡ÆF¬H¬H7£®G
}T\1Uf\HKWLWXYNMUV\1NMijXY~ELWXuP"f#eIUVhP1R#\ÖP6UIiuP"7XY~TK`R#XScdÓXYi ¡^P"eIeV\ëXYL`P"eGffF¬H¬7|#>zLº¹rUI~TK^XÝP1h¹rUVX5³fiUVhWŁ²ff
F¬H¬H~*ffO#NQP1KWXXYLzP"eGffraHH8F4£ffrXY~ELMNWX\1O#LMNW\HKGç(X ýWPyP_}UIHO#NQPyk8G yf0P"NQP`O#iuP`UIeIOTKMLMNQP1Z[1\yR#XKWLWXijYLW\rR#\#G
}!UIHO#NQP6k8G L&JV8XYiSf#eIU¨0hP1Z[1\.R#\u}UIeILMNW\uR#X_°dU$OTKQ[1\6~#UVKW\1LMN1f#UVhP~¡P7£zUIiuP"7XYi\1NMUIHUI~0P"eff¡g£fiUIiuP9­
7XYif#NW\*hXKQKQP1RTPh\1iÜ\j}UIeILMNW\SR#X`°U$OTKQ[1\S~#UVKQ\1LMN1f#UVhP8GfiRTP"f#LQP1R#\jR#Xu¡$ffO#NQP1KWX`XYLP"eGffaHH8F4£®G
ß]ijYLW\*R#\S_hP"NQP1hYLWXYNMUI 4P1R#\jfXYePSJ(*O0P1Z[1\uk8Gbk
∂
∂t
I(x, y, t) = div(d(x, y, t)∇I(x, y, t)) ¡k8Gbk7£
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(x, y)
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d(x, y, t) = e−(||∇I(x,y,t)||/K)
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d(x, y, t) =
1
1 + (∇I(x, y, t)/K)2
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D(x, y) =
−mini,j∈C
√
(x− i)2 + (y − j)2, KWX (x, y) ∈ Ω1
mini,j∈C
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(x− i)2 + (y − j)2, KWX (x, y) ∈ Ω2
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ηi(x, y) = tan
−1∇yDi(x, y)
∇xDi(x, y)
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Sfase =
|η1 − η2 − pi|
pi
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Sforma =
1
n(C2)
∑
(x,y)∈C2
Γ1(x, y)Sfase(x, y)
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Γ1(x, y) = e
−D21(x,y)
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